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Abstract 

Recent work on the friction and wear properties of as-deposited and carbon ion-implanted diamond films was reviewed. 
Diamond films were produced by the microwave plasma chemical vapor deposition (CVD) technique. Diamond films with various 
grain sizes and surface roughnesses were implanted with carbon ions at 60 keV ion energy, resulting in a dose of 1.2 x 10 carbon 
ions per cm 2 . Various analytical techniques, including Raman spectroscopy, proton recoil analysis, Rutherford backscattering, 
transmission and scanning electron microscopy, X-ray photoelectron spectroscopy, and X-ray diffraction, were utilized to 
characterize the diamond films. Sliding friction experiments were conducted with a polished natural diamond pin in contact with 
diamond films in the three environments: humid air (40% relative humidity), dry nitrogen «1 percent relative humidity), and 
ultrahigh vacuum (10" 7 Pa). The CVD diamond films indeed have friction and wear properties similar to those of natural 
diamond in the three environments. The as-deposited, fine-grain diamond films can be effectively used as self-lubricating, 
wear-resistant coatings that have low coefficients of friction (0.02 to 0.04) and low wear rates (10 7 to 10 8 mm 3 N 1 m ) in 
both humid air and dry nitrogen. Flowever, they have high coefficients of friction (1.5 to 1.7) and a high wear rate (10 mm- 
N~ 1 m _I ) in ultrahigh vacuum. The carbon ion implantation produced a thin surficial layer (<0.1 /an thick) of amorphous, 
nondiamond carbon on the diamond films. In humid air and dry nitrogen, the ion-implanted, fine- and coarse-grain diamond films 
have a low coefficient of friction (around 0.1) and a low wear rate (10" 7 mm 3 N" 1 m" 1 )- Even in ultrahigh vacuum, the presence 
of the nondiamond carbon layer reduced the coefficient of friction of fine-grain diamond films to 0.1 or lower and the wear rate 
to 10" 6 mm 3 N “ 1 m" 1 . Thus, the carbon ion-implanted, fine-grain diamond films can be effectively used as wear-resistant, 
self-lubricating coatings not only in air and dry nitrogen, but also in ultrahigh vacuum. 

Keywords: Wear; Friction; Diamond films; Ion implantation; Tribology; Superhard coatings 


1. Introduction 

In aeorspace and automotive industries, composites, 

aluminum alloys, and nonmetallics are becoming the 

dominant materials. However, the composites, high sil- 

icon-content aluminums, and ceramics used in these 

industries are extremely abrasive and, in many cases, 

corrosive, making them difficult to machine with exist- 

ing tools. Chemically vapor-deposited (CVD) diamond 
provides the answer to many of these hard-to-machine 
materials because it possesses many of the most desir- 
able properties of a cutting tool: extreme hardness, 
high abrasion and wear resistance, low coefficient of 
friction, high seizure and galling resistance, good fa- 
tigue strength, high thermal conductivity, chemical and 
thermal inertness, high corrosion resistance, and envi- 
ronmental compatibility. As such, CVD diamond is 
also being considered for tribological parts and com- 


ponents applications, such as jet nozzles, computer 
disks, extrusion and drawing dies, medical implants, 
and bearings and valves for aeropropulsion systems, 
rocket propulsion systems, and automotive engines [1- 
3 ]. 

However, these physical properties are altered when 
the clean surface of diamond is brought into contact 
with a clean counterfacing material and strong bonds 
form between the two materials. As a result, diamond 
possesses high friction and poor abrasion and wear 
resistance [4-10]. This situation applies to some degree 
in the machining process or in the sliding contacts 
where fresh surfaces are continuously exposed by the 
cutting tool or counterfacing material. Under actual 
conditions of machining or sliding operations, direct 
contacts of fresh surfaces are unavoidable and the 
cutting or tribological performance of clean, unlubri- 
cated diamond is actually of paramount importance. 

0921 -5093/96/$ 1 5.00 © 1996 — Elsevier Science S.A. All rights reserved 
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Fig. 1. SEM images of fine-grain diamond films on polycrystalline silicon nitride (Si 3 N 4 ) substrates, (a) As-deposited, (b) Carbon ion-implanted. 


To achieve the best performance from CVD diamond 
as a cutting tool or a self-lubricating, wear resistant 
barrier for many moving mechanical assemblies, we 
must have a good understanding of diamond itself, the 
counterfacing material or material to be machined, and 
the type of environment and operation. Understanding 
the behavior of CVD diamond in the applications of 
diamond-coating technology is challenging. 


The objective of this paper is to review the friction 
and wear behavior of as-deposited and carbon ion-im- 
planted, fine- and coarse-grain CVD diamond films in 
humid air, dry nitrogen, and ultrahigh vacuum environ- 
ments. Some earlier data and experimental details on 
this research are given in Refs. [10-15], 

The as-deposited diamond films were produced on 
the flat surfaces of silicon (Si), polycrystalline a-silicon 
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carbide (SiC), and polycrystalline silicon nitride (Si 3 N 4 ) 
substrates using the microwave-plasma-assisted CVD 
technique. The ion-implanted diamond films were pro- 
duced by impacting carbon ions into the as-deposited 
CVD diamond films using an accelerating energy of 60 
keV and a current density of 50 //A cm -2 for approxi- 
mately 6 min, resulting in a dose of 1.2 x 10 17 carbon 
ions per cm 2 * * * * less than 0.1 pm thick in a ballistic layer. 

A variety of analytical techniques was used to char- 
acterize the as-deposited and the carbon ion-implanted, 
diamond films: scanning and transmission electron mi- 
croscopy (SEM and TEM) to determine surface mor- 
phology and grain size measurements; Rutherford 
backscattering spectroscopy (RBS) to identify impuri- 
ties (if any) in the films and to determine carbon and 
impurity concentrations; Raman spectroscopy and 
Fourier transform infrared spectroscopy (FTIR) to 
characterize diamond quality and structure; proton re- 
coil detection (PRD) to measure the hydrogen concen- 
tration; X-ray photoelectron spectroscopy (XPS) to 
characterize surface chemistry; and X-ray diffraction to 
determine the crystal orientation of the films. 

Reciprocating and rotating sliding friction experi- 
ments were conducted in humid air at a relative humid- 
ity of 40%, in dry nitrogen at a relative humidity of less 
than 1%, and in ultrahigh vacuum at a pressure of 10“ 7 
Pa. The experiments were conducted with the as-de- 
posited and the carbon ion-implanted diamond films in 
contact with a natural bulk diamond pin (1.3 mm rad.). 


2. Microstructural and chemical properties 

The morphology, microstructure, and properties of 
the diamond films deposited onto Si, SiC, and Si 3 N 4 
substrates vary as a function of substrate temperature, 
gas ratio, and intensity of the plasma at the deposition 
surface [10,11]. 

2.1. Grain size , surface roughness , and morphology 

The grain size and surface roughness of the diamond 
films deposited on the flat surfaces of Si, SiC, and Si 3 N 4 
substrates ranged from 20 to 3300 nm and from 15 to 
160 nm root-mean-square (rms), respectively. The sur- 
face roughness increased as the grain size increased [10]. 

The morphologies of the as-deposited diamond films 
used in the friction and wear experiments are two types: 
smooth fine-grain and rough coarse-grain. In the first 
type, the crystallites have a granulated or spherulitic 
morphology. The surfaces contained spherical asperities 
of different sizes as shown in Fig. 1(a). The grain size 
and surface roughness of the as-deposited, fine-grain 
diamond films ranged from 20 to 100 nm and from 6 to 
37 nm rms, respectively. 

In the second type of diamond films, the crystallites 


have a triangular faceted morphology typical of dia- 
mond. The surfaces contained cubic and octahedral 
asperities and a rough morphology as shown in Fig. 
2(a). The grain size and surface roughness of the as-de- 
posited, coarse-grain diamond films ranged from 1000 
to 3300 nm and from 48 to 160 nm rms, respectively. 

No significant changes in surface roughness and mor- 
phology resulted from the carbon ion implantation 
(Figs. 1 and 2). The surface features of both carbon 
ion-implanted, fine- and coarse-grain diamond films 
were almost the same as those of the as-deposited, fine- 
and coarse-grain diamond films. The only effect of the 
carbon ion implantation on the morphology of the 
diamond films was the rounding of edges (Figs. 1(b) 
and 2(b)). 

2.2. Bulk and surface chemistry 

Rutherford backscattering spectroscopy of the as-de- 
posited diamond films revealed that they consisted of 
carbon and some elements from the substrate material 
such as Si [10,11]. 

Figs. 3(a) and 3(b) present a Raman spectum of type 
Ila, single-crystal (111) diamond as a reference and a 
Raman spectrum of the as-deposited, coarse-grain dia- 
mond film, respectively [15]. In Fig. 3(a), the presence 
of diamond bonding is unambiguous and clear in the 
Raman spectrum of the single-crystal diamond. Single- 
crystal diamond is identified by a single sharp Raman 
peak at 1332 cm -1 (wave number). 

In Fig. 3(b), the Raman spectrum of the as-de- 
posited, fine- and coarse-grain diamond film is decon- 
volved. When the Raman spectra of both the 
as-deposited, fine- and coarse-grain diamond films are 
deconvolved, three bands, which are characteristic of 
CVD diamond films, are revealed: (1) a sharp band 
centered near 1332 cm” 1 , (2) a broad band centered in 
the 1500-1530 cm 1 range, and (3) an even broader 
band centered near 1320 cm -1 . The sharp band cen- 
tered near 1332 cm 1 is characteristic of the sp 3 bond- 
ing of diamond. The two broad, overlapping bands 
centered near the range of 1500 to 1530 cm 1 and near 
1320 cm 1 are characteristic of the nondiamond form 
of carbon and are referred to as the G-band and 
D-band, respectively. The Raman shifts referred to as 
the G-band are attributed to the sp 2 bonded carbon, 
whereas the Raman shifts referred to as the D-band are 
attributed to the disorder of the nondiamond carbon 
present in the films. 

Figs. 4 and 5 present Raman spectra of the as-de- 
posited and the carbon ion-implanted, fine- and coarse- 
grain diamond films. The as-deposited, fine-grain 
diamond films contained considerably more nondia- 
mond carbon than the as-deposited, coarse-grain dia- 
mond films as indicated by the relative intensities of the 
diamond band and the nondiamond carbon bands. 
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Fig. 2. SEM images of coarse-grain diamond films on polycrystalline silicon nitride (Si 3 N 4 ) substrates, (a) As-deposited, (b) Carbon ion-implanted. 


Because the Raman scattering efficiency for sp 2 bonded 
form of carbon is more than 50 times the efficiency 
for the sp 3 bonded diamond form of carbon [3], the 
as-deposited diamond films actually contain much 
more of the diamond form of carbon than may 
be inferred from the spectra shown in Figs. 4(a) and 
5(a). 


Both the frequency and half-width of the diamond 
band were related to the grain size of the diamond 
films. The diamond peak is broader and located at a 
higher phonon frequency for smaller grain-sized films. 
In addition, micro-Raman spectroscopy shows the pres- 
ence of Si-O in the fine-grain diamond film on (100) 
silicon, whereas hexagonal a-SiC is present in the 
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Fig. 3. Raman spectra of a bulk diamond and an as-deposited, coarse-grain diamond film, (a) Bulk diamond, (b) Deconvolution of Raman bands 
from coarse-grain diamond film on SiC. 

coarse-grain diamond film deposited on the silicon ni- surface profilometry. Hence, the difference between the 
tride substrate. Raman spectra of the as-deposited and carbon ion-im- 

The characteristic diamond peak is absent from the planted diamond films can be interpieted as twofold. 

micro-Raman spectra of the carbon ion-implanted dia- (1) the intensity of the Raman bands from the nondia- 
mond films. In Figs. 4(b) and 5(b), the very broad band mond carbon increased, and (2) the intensity of the 

with a peak near 1500 to 1530 cm' 1 and a shoulder diamond peak has decreased to the extent that the 

near 1320 cm" 1 , indicative of the amorphous nondia- diamond peak could not be resolved from the much 

mond form of carbon, is the prominent feature in the larger nondiamond carbon bands in the time that the 

Raman spectra. However, no significant change in the spectra were collected. 

surface morphology as a result of carbon ion implanta- Because the depth sensitivity of micro-Raman spec 

tion was observed by scanning electron microscopy and troscopy is 1 /an or less, the significant decrease in the 
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Delta wave number, cm -1 

Fig. 4. Raman spectra of fine-grain diamond film of silicon (100) substrate. Spectra are vertically displaced for viewing purposes, (a) As-deposited, 
(b) Carbon ion-implanted. 



Fig. 5. Raman spectra of coarse-grain diamond film on a Si 3 N 4 substrate. Spectra are vertically displaced for viewing purposes, (a) As-deposited, 
(b) Carbon ion-implanted. 


intensity of the diamond peak observed after carbon ion 
implantation is evidence of both the formation of a 
nondiamond surface layer on top of the diamond films 
and of structural damage and distortion from the cubic 
diamond structure. Furthermore, the increased fre- 
quency shift of the G-band and the D-band after carbon 
ion implatation indicates the nondiamond carbon 
present in the as-deposited diamond films. These results 
are consistent with those from the Raman analysis 
conducted in the previous study [13,14]. The carbon 
(with an accelerating energy of 160 keV and a dose of 


6.7 x 10 17 carbon ions per cm 2 ) and the nitrogen (with 
an accelerating energy of 35 keV and a dose of 5 x 10 16 
nitrogen ions per cm 2 ) ion implantation in diamond films 
caused structural surface damage to the fine-grain and 
coarse-grain diamond films, as well as to the polished 
diamond films. The ion-implantation processes also 
produced a thin layer of nondiamond carbon [13,14]. 

Fourier transform infrared (FTIR) spectroscopy of 
both the as-deposited and carbon ion-implanted dia- 
mond films showed absorbance only in the 600-1500 
cm -1 range [15]. Only very weak absorbance was ob- 
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served in the carbon-hydrogen (C-H) stretch region 
for either the as-deposited or the carbon ion-implanted 
diamond films. This finding is consistent with the low 
hydrogen concentration determined by proton recoil 
detection analysis. From the FTIR spectra, the compo- 
sition of the sampling region appeared quite uniform. 
However, absorbances from both the films and the 
substrates were observed in the FTIR spectra. The 
FTIR spectrum of the carbon ion-implanted diamond 



(a) 


10 fxm 



i i i i i i i I 0 - 02 


(c) 50 firm 

Fig. 6. Wear scar produced on diamond pin and wear track produced 
on diamond film after sliding contact in vacuum, (a) SEM image of 
wear scar and its surroundings on diamond pin. (b) SEM image of 
wear track and its surroundings on diamond film, (c) Profilometer 
record of wear track. 
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Fig. 7. Coefficients of friction as function of initial surface roughness 
of as-deposited diamond films in humid air and in dry nitrogen, (a) 
Initial coefficients of friction, (b) Equilibrium coefficients of friction at 
30000 passes. 

film has a much larger peak about 832 cm 1 than the 
as-deposited diamond film has. This absorption band, 
which seemed to vary in intensity across the ion-im- 
planted film, has been attributed to aromatic ring 
breathing [16]. This attribution is consistent with the 
Raman spectra interpretation that carbon ion-im- 
planted diamond films have more sp 2 bonding than the 
as-deposited diamond films have. 

X-ray photoelectron spectra of the surfaces of as-de- 
posited and carbon ion-implanted, fine- and coarse- 
grain diamond films revealed that all four surfaces 
contained oxygen (O) [15]. The C/O ratio ranged be- 
tween 8 and 12. Several atomic percent of nitrogen and 
silicon were detected in the surfaces of both the as-de- 
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posited and carbon ion-implanted, coarse-grain dia- 
mond films. The plasmon loss structure of the C ls peak 
of as-deposited and carbon ion-implanted diamond 
films indicated that carbon ion implantation decreased 
the sp 3 /sp 2 ratio of carbon bonds at the surface [17]. 
Furthermore, the carbon ion-implanted diamond films 
were more conductive than the as-deposited diamond 
films during analysis, indicating that carbon ion im- 
plantation alters the normally insulating diamond sur- 
face to a conductive carbon surface. 

2.3. Crystal structure 

X-ray diffraction data reveled that although most of 
the crystallites in the as-deposited, fine-grain diamond 
films were oriented along (110) planes, those of the 
as-deposited, coarse-grain diamond films were oriented 
along (111) planes [10,11]. The well-formed triangular 
facets of the coarse-grain diamond films observed in 
SEM photomicrographs (e.g. Fig. 2) confirm the <111) 
orientation. 


3. Friction and wear characteristics 

In the three environments, humid air, dry nitrogen, 
and ultrahigh vacuum, the bulk diamond pin tended to 
produce a wear track (groove) on both as-deposited 
and carbon ion-implanted diamond films (e.g. Fig. 6). 
Abrasion or adhesion interaction, or the combination 
of both, occurred during sliding action. 
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Fig. 9. Wear rates of as-deposited, fine- and coarse-grain diamond 
films in humid air, dry nitrogen, and ultrahigh vacuum as function of 
initial surface roughness, (a) Humid air and dry nitrogen, (b) Ultra- 
high vacuum. 


3.1. As-deposited diamond films 


5 I i 1 1 1 

0 50 100 150 200 

Surface roughness, R^, nm 

Fig, 8. Initial (/*,) and equilibrium (fi f at 100 passes) coefficients of 
friction as functions of initial surface roughness of as-deposited 
diamond films in ultrahigh vacuum. 


3.1.1. Friction in humid air and in dry nitrogen 

In humid air and in dry nitrogen, abrasion occurred 
and dominated the friction and wear behavior [10,11, 
15]. The bulk diamond pin tended to dig into the 
surface of diamond films during sliding and produce a 
wear track (groove). 
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Overall, the friction behavior of as-deposited, fine- 
and coarse-grain diamond films in contact with a bulk 
diamond pin in dry nitrogen was similar to their fric- 
tion behavior in humid air: the coefficient of friction 
started relatively high (0.13 to 0.52), depending on the 
initial surface roughness of the diamond films; it rapidly 
decreased after 60 to 200 passes; and then it gradually 
decreased with the increasing number of passes, reach- 
ing an equilibrium value of between 0.03 and 0.04. 

When interactions between the diamond pin surface 
and the initially sharp tips of asperities on the as-de- 
posited diamond film surfaces were strong, the initial 
friction was high. The surface roughness of as-de- 
posited diamond films can appreciably influence initial 
friction: the greater the initial surface roughness, the 
higher the initial coefficient of fricition (Fig. 7(a)). 
These frictional results are consistent with the work on 
single-crystal diamond and on diamond coatings 
[18,19], 

As sliding continued and the pin passed repeatedly 
over the same track, the coefficient of friction was 
appreciably affected by the wear on the as-deposited 
diamond films; that is, by the blunted tips of asperities. 
When repeated sliding produced a smooth groove or a 
groove with blunted asperities on the surface of the 
diamond films, the coefficient of friction was low, and 
the initail surface roughness effect became negligible 
(Fig. 7(b)); this result showed that the equilibrium 
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coefficient of friction at 30 000 passes was independent 
of the initial surface roughness of the diamond films. 


3.1.2. Friction in ultrahigh vacuum 

In ultrahigh vacuum, as in humid air and in dry 
nitrogen, the bulk diamond pin produced a wear track 
(e.g. Fig. 6). Both abrasion and adhesion occurred 
during sliding action, but adhesion dominated the fric- 
tion and wear behavior. 

Generally, the coefficient of friction increased with an 
increase in the number of passes, reaching an equi- 
librium value after a certain number of passes in ultra- 
high vacuum [10]. This trend in friction behavior is just 
the opposite of that in humid air and in dry nitrogen. 

The initial surface roughness of the as-deposited dia- 
mond film had no effect on friction, as presented in Fig. 
8. The equilibrium coefficients of friction (1.5 to 1.8) 
obtained at 100 passes were greater than the initial 
coefficients of friction (1.1 to 1.3), regardless of the 
initial surface roughness of the as-deposited diamond 
films. These results lead us to ask, What factors deter- 
mine the friction behavior? Which is more important 
for diamond surfaces in ultrahigh vacuum: abrasion or 
adhesion? 

Our results showed that removing some contaminant 
surface layer from the contact area of diamond films 
resulted in a stronger interfacial adhesion between the 
diamond pin and diamond films and raised the co- 
efficient of friction [10]. A contaminant surface layer 
was removed by repeatedly sliding the pin over the 
same track in ultrahigh vacuum. 

Our results are in agreement with other researchers’ 
results for single-crystal diamond rubbing against dia- 
mond and for CVD diamond sliding against CVD 
diamond in vacuum [4,9]. At a pressure of 9.3 x 10 8 
Pa, Bowden and Hanwell [4] observed an initial co- 
efficient of friction 0. 1 for diamond on diamond; within 
several hundred passes, however, the coefficient of fric- 
tion rose rapidly to 0.9 and remained constant. Dugger, 
Peebles and Pope [9] also found that in vacuum 
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( < 6 x 10“ 7 Pa) the coefficient of friction increased to 
0.47 when CVD diamond slid against itself . [9]. In both 
cases, the increase in friction was attributed to cleaning 
the adsorbed contaminants from the surface by rubbing 
or sliding in ultrahigh .vacuum at room temperature. 

An opposite trend in friction behavior was observed 
in an investigation conducted on CVD diamond films 
in the relatively modest vacuum (1.3 x 10“ 3 Pa) of a 
scanning electron microscope. Gardos and Ravi [7] and 
Gardos and Soriano [20] found that the coefficient of 
friction began at 0.5 to 0.8 and dropped within several 
hundred passes. According to the authors, this resulted 
from the removal of absorbed oxygen and water vapor. 
Such an explanation for the decrease in initial friction, 
however, is not shared by Dugger, Peebles, and Pope, 
[9] who see the decrease as more likely attributable to a 
reduction in surface roughness than to the desorption 
of surface contaminants. 

When sliding continues, the wear dulls the tips of the 
diamond grains and increases the contact area in the 
wear track, thereby causing an increase in friction. The 
increase in friction that results from cleaning off the 
contaminant surface layer by sliding and from increas- 
ing the contact area is greater than the corresponding 
decrease in friction that results from blunting the tips of 
surface asperities. This relationship is apparent in Fig. 
8; here the coefficients of friction (1.5 to 1.8) at 100 
passes are greater than the initial coefficients of friction 
(1.1 to 1.3) regardless of the initial surface roughness of 
the diamond films. In ultrahigh vacuum, therefore, the 
friction arises primarily from adhesion between the 
sliding surfaces of the diamond pin and diamond films. 

Gardos, Ravi, and Soriano found that the coefficients 
of friction for CVD diamond on CVD in vacuum 
(1.3 x 10“ 3 Pa) sometimes increased to as high as 0.8 
as the temperature increased [7,20]. They attributed this 
high friction to the presence of dangling bonds on the 
surfaces of the diamond coatings. Dugger, Peebles, and 
Pope [9] attributed the high “clean state” value of the 
coefficient of friction (as high as about 0.5) to the 
adhesive interaction of CVD diamond surfaces. Under 
the ultrahigh vacuum condition of our experiments, it 
was adhesion between the sliding surfaces of the dia- 
mond pin and diamond films that played a signigicant 
role in the friction process; the surface roughness of the 
diamond films did not have much influence on the 
friction of as-deposited diamond films in ultrahigh vac- 
uum [10]. 

3.1.3. Wear rate 

In humid air, dry nitrogen, and ultrahigh vacuum, 
the diamond pin grooved the surfaces of diamond films. 
The groove surface was smoother than the original 
surface of the as-deposited diamond films. Further 
analysis of the grooves by scanning electron microscopy 
revealed that the tips of the diamond coating asperities 


were worn smooth and the gaps between asperities were 
filled by wear debris. 

Fig. 9 presents the wear rates of the as-deposited 
diamond films as a function of the initial surface rough- 
ness in the three environments. The wear rate was 
strongly dependent on the initial surface roughness of 
as-deposited diamond films; it increased markedly with 
an increase in the initial surface roughness. 

The wear rates of the as-deposited diamond films 
measured in dry nitrogen were similar to those mea- 
sured in humid air. However, the wear rates of the 
as-deposited diamond films measured in ultrahigh vac- 
uum were 10 000 times higher than those measured in 
humid air and in dry nitrogen. Obviously, under these 
vacuum conditions, adhesion between the sliding sur- 
faces of the diamond pin and diamond film plays an 
important role in the wear process. 

Note that the wear rates of the as-deposited diamond 
films in humid air and in dry nitrogen were comparable 
to the wear rates of single-crystal diamonds and other 
CVD diamond films [8,12,21]. 

3.2. Ion-implanted diamond films 

3.2.1. Friction and wear in humid air and in dry 
nitrogen 

The effect of carbon ion implantation on the co- 
efficients of friction in humid air and in dry nitrogen 
was small. The coefficients of friction were low, around 
0 . 1 . 

Although the wear rates of the ion-implanted dia- 
mond films were higher than those of the as-deposited 
diamond films, they were on the order of 10“ 7 mm 3 
N _1 m“\ which were at an acceptable level of wear 
resistance for tribological applications, 

3.2.2. Friction and wear in ultrahigh vacuum 

The effects of carbon ion implantation on the friction 
and wear behavior in ultrahigh vacuum were twofold: 
(1) a reduction in the coefficient of friction and (2) a 
decrease in the wear rate. The coefficient of friction 
obtained for the carbon ion-implanted, fine-grain dia- 
mond films were less than . 0 . 1 , which were lower than 
those obtained for the as-deposited, fine-grain diamond 
films by factors of 20 to 30 (e.g., Fig. 10 (a)). Likewise, 
the coefficients of friction obtained for the carbon 
ion-implanted, coarse-grain diamond films were ap- 
proximately 0.35, which were lower than those obtained 
for the as-deposited diamond films by a factor of 5 
(Fig. 10 (b)). 

The average wear rates for the carbon ion-implanted, 
fine-grain diamond films were on the order of 10“ 6 mm 3 
N “ 1 m -1 , which were lower than those obtained for the 
as-deposited, fine-grain diamond films by factors of 30 
to 60 (Fig. 1 1). Similarly, the average wear rates for the 
carbon ion-implanted, coarse-grain diamond films were 
on the order of 10“ 6 mm 3 N“ ] m" 1 , which were 
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i 1 

View at center of wear track 1 j^m 



View on side of wear track 1 fi.m 

Fig. 12. SEM images of a wear track and their surroundings produced on as-deposited, fine-grain diamond film, as-deposited, coarse-grain 
diamond films, and carbon ion-implanted, fine-grain diamond film after sliding against a diamond pin in ultrahigh vacuum, (a) As-deposited, 
fine-grain diamond film. 


lower than those obtained for the as-deposited, coarse- 
grain diamond films by factors of 30 to 80. 

With the ion-implanted, fine-grain diamond films, 
both the coefficient of friction and wear rate were at 
acceptable levels for tribological application in ultra- 


high vacuum. With the ion-implanted, coarse-grain dia- 
mond films, however, the coefficient of friction (0.35) 
was too high for use in tribological applications in 
ultrahigh vacuum, even though the wear rate was ac- 
ceptable. 
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Grain size. 1500 nm 1 fAm 



(b) Grain size. 3300 nm 1 urn 

Fig. 12 (b) As-deposited, coarse-grain diamond films. 


4 . Mechanisms of friction 

4.1. Fine -grain diamond films 

Because the surface of fine-grain diamond films is 
smooth and the asperities are round, if we neglect the 


plowing term, the friction arising between the fine-grain 
diamond film and the diamond pin is described by the 
equation / x = sA/W , where /i is the coefficient of fric- 
tion; s, the shear strength of junctions (contact area); A, 
the true contact area; and W, the normal contact load 
[22,23]. 
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View at center of wear track 


1 pm 



(c) View on side of wear track 1 0 pm 

Fig 12 (c) Carbon ion-implanted, fine-grain diamond film. 


4.1.1. Humid air and dry nitrogen environment 

In humid air and in dry nitrogen, the atmosphere 
provides a strongly attached contaminant layer which 
has a low shear strength s [6,15]. However, the load is 


largely supported by hard as-deposited diamond films 
because the contaminant layer is thin ( ~ 2 nm). Conse- 
quently, the true area of contact A is small. For this 
reason the coefficient of friction for both the as-de- 
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Table 1 

Summary of physical properties of diamond films 


(a) As-Deposited 


As-deposited diamond 
films 

Fine-grain 

Coarse-grain 

Grain size, nm 

20 to 100 

1000 to 3300 

Surface roughness, 
nm, rms 

15 to 50 

52 to 160 

Shape of asperities 

Spherical 

Cubic and octahedral 

Morphology 

Granulated or 
spherulitic 

Triangular faceted 

Hydrogen 

concentration, at.% 

2.5 

<1 

Crystal orientation 

<iio> 

<111) 

sp 3 bonded carbon 

Less 

Greater 

sp 2 bonded carbon 

Greater 

Less 


(b) Carbon ion-implanted, fine- and coarse-grain 


Presence of a thin layer (<0.1 pm thick) of amorphous, 
nondiamond carbon in the near surface region of diamond films 

No appreciable change in surface roughness and morphology 


posited, fine-grain diamond films is low (<0.1) in 
humid air and in dry nitrogen. In the case of the 
carbon ion-implanted, fine-grain diamond films, be- 
cause both the contaminant layer and nondiamond 
carbon surface layer have a low shear strength, the 
coefficient of friction is low (<0.1) in humid air and 
in dry nitrogen. 

4.1.2. Ultrahigh vacuum environment 

In ultrahigh vacuum, the high coefficients of friction 


(>1.0) for the as-deposited diamond films arise pri- 
marily from the adhesion between the sliding surfaces 
[10]. In this case, the area of contact A is small, 
resulting from the high elastic modulus and high hard- 
ness of the as-deposited diamond film, but the shear 
strength of the junctions s is correspondingly high. 
The presence of dangling bonds on the surfaces of the 
diamond films may play a significant role in the high 
shear strength of the junctions in vacuum [5,7]. For 
this reason, the coefficient of friction of the as-de- 
posited diamond films is high ( > 1 .0) in ultrahigh 
vacuum. 

In the case of the carbon ion-implanted diamond 
films, because the nondiamond carbon surface layer 
formed is thin (<0.1 //m), the contact load is largely 
supported by the hard, underlying diamond films. Con- 
sequently, the true area of contact A , resulting from the 
high elastic modulus of the underlying diamond, is 
again small. However, the nondiamond carbon has a 
low shear strength s. The combination of the low shear 
strength s of the thin nondiamond carbon surface layer 
and the small true contact area A gives rise to low 
coefficients of friction (<0.1) for the carbon ion-im- 
planted, fine-grain diamond films, even in ultrahigh 
vacuum. Thus, the thin nondiamond carbon surface 
layer produced by carbon ion implantation provides 
lubrication in ultrahigh vacuum. 

Note that when the nondiamond carbon surface layer 
is removed from the diamond film during repeated 
sliding action, the coefficient of friction increased to a 
greater value (0.35) even with the fine-grain diamond 
films. 


Table 2 

Summary of tribological properties of diamond films 


Environment 

Properties 

Fine-grain 

Coarse-grain 


(a) As-deposited 
Air and dry nitrogen 

Coefficient of friction in running-in 
Coefficient of friction at 30 000 passes 
Wear rate, mm 3 N" 1 m _1 

0.15 

0.03 to 0.04 

io- 8 

>0.4 

0.03 to 0.04 
10~ 8 to 10" 7 


Ultrahigh vacuum 

Coefficient of friction in running-in 
Coefficient of friction at 100 passes 
Wear rate, mm 3 N _1 m~ l 

1.2 

1.7 

lxlO- 4 

1.2 

1.7 

1 to 4 x 10" 4 



(b) Carbon ion-implanted diamond films 


Air 

Coefficient of friction in running-in 

0.1 

0.3 


Wear rate, mm 3 N _l m" 1 

10- 7 

io- 7 


Coefficient of friction at 30 000 passes 

0.08 

0.1 

Dry nitrogen 

Coefficient of friction in running-in 

0.06 

0.12 


Coefficient of friction at 30 000 passes 

0.05 

0.08 


Wear rate, mm 3 N _1 m _1 

io- 7 

io- 7 

Ultrahigh vacuum 

Coefficient of friction in running-in 

0.1 to 0.15 

0.2 


Coefficient of friction at 100 passes 

<0.1 

0.35 


Wear rate, mm 3 N -1 m -1 

io- 6 

10“ 6 
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4.2. Coarse -grain diamond films 

The friction of the coarse-grain diamond films may 
be attributed to the sum of an adhesion and a plowing 
(a fracture and deformation) resulting from the interac- 
tion of the sharp asperities with the diamond pin. 

4.2.1. Humid air and dry nitrogen environment 

In humid air and in dry nitrogen, the atmosphere 
provides a strongly attached contaminant which has a 
low shear strength. However, plowing (abrasive interac- 
tion) is significant. For this reason, the coefficient of 
friction for both the as-deposited and the ion-implanted 
coarse-grain diamond films is high and surface rough- 
ness can influence friction. 

4.2.2. Ultrahigh vacuum environment 

With the as-deposited, coarse-grain diamond films, 
even though the surface asperities have sharp tips, 
adhesion between the sliding surfaces of the diamond 
pin and diamond films still plays the most significant 
role in the friction in ultrahigh vacuum; plowing result- 
ing from the interaction of the sharp asperities with the 
diamond pin was insignigicant. As stated earlier, the 
surface roughness of the as-deposited diamond films 
does not have much influence on the coefficient of 
friction of as-deposited diamond films in ultrahigh vac- 
uum [10]. 

With the ion-implanted, coarse-grain diamond films, 
however, surface roughness affects the initial co- 
efficients of friction in ultrahigh vacuum. Although the 
nondiamond carbon surface layer provides low shear 
strength at the contact areas, the coefficients of friction 
of the carbon ion-implanted, coarse-grain diamond 
films are still 3 to 4 times higher than those of the 
carbon ion-implanted, fine-grain diamond films in ul- 
trahigh vacuum. The higher coefficient of friction is 
caused by the interactions of the asperities on the 
coarse-grain diamond films. This surface roughness 
effect on friction of the carbon ion-implanted diamond 
films in ultrahigh vacuum is similar to that on the 
friction behavior of as-deposited diamond films in hu- 
mid air and in dry nitrogen. The two most significant 
factors influencing the coefficients of friction of the 
carbon ion-implanted, coarse-grain diamond films are 
(1) plowing between the surface asperities and the dia- 
mond pin, and (2) adhesion at the frictional junction, 
which is relatively low because the nondiamond carbon 
surface layer produced by carbon ion implantation has 
a low shear strength. 


5. Mechanisms of wear 

The generally accepted mechanism of wear for dia- 
mond is that of small fragments chipping off the surface 


[8,12,21,24], which is in agreement with the SEM obser- 
vations of the diamond films and their wear debris 
particles (e.g. Fig. 12). Debris generated by sliding 
action provide a useful history of the wear process. In 
addition to the quality and size of the wear debris 
particles, much useful information is obtainable from 
microscopic observation of their nature and shape 
[25,26]. 

Wear debris particles (submicron to micron in size) 
were observed on the surfaces of both the diamond pin 
and the diamond films. Much finer particles were gener- 
ated on the surfaces of the carbon ion-implanted dia- 
mond films than those generated on the surfaces of the 
as-deposited diamond films, regardless of grain size. 
The generation of finer wear debris particles from the 
surfaces of carbon ion-implanted diamond films pri- 
marily resulted from the wear and removal of amor- 
phous, nondiamond carbon by sliding action. The size 
differences of the wear particles contributed to their 
respective wear rates. The wear rates of the carbon 
ion-implanted diamond films (on the order of 10 ~ 6 
mm 3 N~ 1 m -1 ) are considerbly lower than those of the 
as-deposited diamond films (on the order of 10“ 4 mm 3 
N - 1 m" 1 ). 


6. Summary of properties of diamond films 

The physical properties of the as-deposited and ion- 
implanted diamond films are summarized in Table 1. 
The carbon ion-implantation process using an acceler- 
ating energy of 60 keV and a dose of 1.2 x 10 17 carbon 
ions per cm 2 changes the surface chemistry of the 
microwave-plasma- vapor-deposited, fine- and coarse- 
grain diamond films and causes structural damage to 
the diamond lattice. As a result, a thin layer of amor- 
phous, nondiamond carbon is produced in the near 
surface region of the fine-and coarse-grain diamond 
films. 

For comparison, the coefficients of friction and wear 
rates of the as-deposited and ion-implanted, fine- and 
coarse-grain diamond films are summarized in Table 2. 


7. Conclusions 

From the results of characterization and sliding fric- 
tion experiments on as-deposited and carbon ion- 
implanted, fine- and coarse-grain diamond films in ul- 
trahigh vacuum, the following conclusions were drawn. 

(1) The as-deposited, fine-grain diamond films can be 
effectively used as wear-resistant, self-lubricating coat- 
ings in humid air and in dry nitrogen, but they have a 
high coefficient of friction ( > 1) and wear rate (10 ~ 4 
mm 3 N 1 m -1 ) in ultrahigh vacuum. 
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(2) The carbon ion-implanted, fine-grain diamond 
films can be effectively used as wear-resistant, self-lubri- 
cating coatings not only in humid air and in dry 
nitrogen but also in ultrahigh vacuum. 
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